Background: Stroke can lead to significant impairment of upper limb function which affects performance of activities of daily living (ADL). Functional electrical stimulation (FES) involves electrical stimulation of motor neurons such that muscle groups contract and create or augment a moment about a joint. Whilst lower limb FES was established in post-stroke rehabilitation, there is a lack of clarity on the effectiveness of upper limb FES. This systematic review aims to evaluate the effectiveness of post-stroke upper limb FES on ADL and motor outcomes.
Background
Stroke is defined as a clinical syndrome characterised by rapidly developing focal or global disturbance in cerebral function lasting more than 24 h or leading to death due to a presumed vascular cause [1] . Globally, approximately 16 million people have a stroke each year [2] and in the UK, first-ever stroke affects about 230 people per 100,000 population each year [3] . Stroke represents a cost to the UK economy of approximately £9 billion annually, of which £1.33 billion results from productivity losses [4] .
Stroke often leads to significant impairment of upper limb function and is associated with decreased quality of life in all domains except for mobility [5] . Few patients attain complete functional recovery [6] ; this deficit impairs performance of activities of daily living (ADL), including self-care and social activities [7, 8] . ADL reflect the level of functional impairment in daily life and are therefore the most clinically relevant outcome measures in assessing recovery after stroke [9] .
Functional electrical stimulation (FES) was well established as an intervention for motor rehabilitation. FES is the electrical stimulation of motor neurons such that muscle groups are stimulated to contract and create/augment a moment about a joint [2] . Transcutaneous electrodes offer the most immediate and clinically viable treatment option as they are non-invasive and may permit home-based treatment.
There are various terms used in the literature to describe different forms of electrical stimulation, often inconsistently. Some authors define FES as electrical stimulation applied to a subject which causes muscle contraction. This passive modality is also referred to as neuromuscular electrical stimulation [10] . Others define FES as electrical stimulation applied during a voluntary movement [4] . This definition acknowledges the volitional component of physical rehabilitation and was used in this systematic review. The distinction is important because neuroimaging studies have identified different cortical mechanisms according to stimulation type [11] [12] [13] . Indeed, perfusion to the ipsilesional sensorymotor cortex and cortical excitability were increased with FES when compared to passive modalities of electrical stimulation [12] [13] [14] . These findings could indicate greater potential for volitional FES to induce neuroplasticity. This is believed to play an important role in neurorehabilitation [15] and is a key objective of post-stroke functional recovery [16] .
FES has been widely researched for post-stroke lower limb rehabilitation; several systematic reviews [17] [18] [19] and national guidelines [20, 21] exist. Improvement in upper limb function is central to poststroke rehabilitation as it positively affects ADL and quality of life [22] . Yet, there is still a lack of clarity on the effectiveness of FES in post-stroke upper limb rehabilitation [23] despite systematic reviews having been undertaken [24] [25] [26] [27] [28] . In part, this is due to methodological limitations [27, 28] or the outdated nature of some existing reviews [24] [25] [26] . The latter was highlighted by a recent Cochrane overview of reviews calling for an up-to-date review and metaanalysis of randomised controlled trials (RCTs) related to electrical stimulation [29] . A more recent systematic review found a significant improvement in motor outcomes with upper limb FES [27] . However, this was based on a single meta-analysis that combined ADLs with upper limb-specific measures of functional motor ability, including studies where results were at risk of performance bias (intervention groups receiving greater duration of treatment than control groups) [27] . Another found no improvement in motor function when FES was applied within 6 months of stroke [28] . However, this predominantly included studies that applied electrical stimulation in the absence of volitional muscle contraction, confounding interpretation of the results. This inconsistency is reflected in the 2016 guidelines set by the Royal College of Physicians which recommends FES only in the context of clinical trials as an adjunct to conventional therapy [21] .
This systematic review aims to elucidate the effectiveness of upper limb FES compared to standard therapy in improving ADL, in addition to motor outcomes, post-stroke. It represents an important addition to the literature that focuses on the use of volitional FES and, for the first time, distinguishes its effect on clinically relevant patient outcomes from surrogate markers of patient rehabilitation. This includes analyses based on patient sub-groups defined by the time after stroke at which FES was initiated.
Methods
This systematic review was registered a priori on PROS-PERO (CRD42015025162) [30] and was reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (see Additional file 1) [31] .
Search strategy
A systematic search of MEDLINE (Ovid), PsychINFO (Ovid), EMBASE (Ovid) and Cochrane Central Register of Controlled Trials databases from inception to 06/09/2015 was undertaken using a combination of free text and index terms for stroke, FES and upper limb. An example strategy is in Appendix 1. The following ongoing trial databases were also searched: International Standard Randomised Controlled Trials Number Registry, WHO International Clinical Trials Registry Platform and ClinicalTrials.-gov. Citation checking was carried out on studies included in this review and existing systematic reviews to identify any further studies. Authors were contacted twice by email for original data where published study data was insufficient as to allow data analysis. Non-English language articles were translated where possible.
Study selection
Inclusion criteria: population: patients >18 years diagnosed with ischaemic or haemorrhagic stroke. Intervention: intervention group receive transcutaneous FES applied to the peripheral nervous system of the upper limb defined as (a) applied to the skin externally and (b) during voluntary movement in addition to standard post-stroke rehabilitative therapy. Comparator: control groups receive standard post-stroke rehabilitative therapy alone, no between group differences other than the stimulation. Outcomes: ADL/ motor outcomes recorded. Study design: RCTs and cross-over studies (only if randomised and controlled, such that first phase is equivalent to an RCT).
Exclusion criteria: (1) previous FES therapy in intervention or control group. (2) Other type of electrical stimulation used in intervention or control group. No other restrictions were placed on patient age, sex, ethnicity, time since stroke, baseline functional ability, publication date or language.
Two reviewers independently screened each title and abstract for relevance. Full texts of relevant articles were retrieved and assessed independently by two reviewers against the selection criteria. Disagreements between reviewers were discussed, and a third reviewer consulted if required.
Outcome classification
Primary outcomes were those measures which directly assessed ADL. Secondary outcomes were those measures which assessed performance of a task that is not classified as an activity of daily living such as grasping and moving a cube. These were regarded as good surrogate outcomes of ADL and as such they were termed 'functional motor ability'. Tertiary outcomes were any other measure of motor outcome: muscle tone, force generation, distance reached and range of active movement. Tertiary outcomes are regarded as poor surrogate outcomes which may not correlate with ADL. See Table S1 (Additional file 2) for full definitions of individual measurement instruments.
Data extraction, risk of bias and quality assessment
Participant baseline characteristics, FES parameters and relevant outcome data at all reported time points were extracted; for cross-over studies, data from the first phase only were extracted. Data were extracted and the Cochrane Collaboration's Tool for Assessing Risk of Bias was applied to all included studies by two reviewers independently; overall risk of bias judgement made based on most frequently cited risk across the seven categories. Quality assessment was performed using GRADE (Grading of Recommendations Assessment, Development and Evaluation) criteria. Risk of bias and quality assessment information was considered in interpretation of findings.
Analysis
For each outcome, data were collated and assessed for suitability for meta-analysis. Care was taken to avoid double-counting of control group participants in meta-analyses. Meta-analysis was undertaken using a random effects model due to an underlying assumption that, although studies were similar, they would be representative of a distribution of effects on the outcome rather than represent a single underlying effect. Where the same outcome was measured using different but comparable tools on a continuous scale, standardised mean difference was used. Mean difference was used elsewhere. The I 2 was reported as a measure of heterogeneity, as well as the 95% confidence interval. Comparable tools were regarded to be those classified as primary outcomes and separately those classified as secondary outcomes. Tertiary outcome classification includes several types of measures which are not all comparable.
Study results reported as median, and interquartile ranges (IQR) were not included in meta-analyses. The shortest follow-up time post-stroke was used for analysis, for the purposes of consistency, as this was the most frequently reported time point. Where data were only represented graphically in papers, estimates were taken. Data that could not be incorporated into meta-analyses are reported narratively. Meta-analyses and forest plots were produced with Revman (version 5.35, Cochrane Collaboration). Separate analyses were undertaken for mean time post-stroke at which FES was initiated (less than 2 months; greater than 1 year).
Results

Included studies
The search strategy identified 603 records for screening; 135 studies proceeded to selection, of which two non-English language studies were translated. Twenty RCTs met the inclusion criteria. Six studies could not be assessed (Fig. 1) . Details of excluded studies are in Appendix 2. Five possibly relevant ongoing clinical trials were identified (Appendix 3).
Details of the 20 included RCTs A1-A20 are presented in Table S2 (Additional file 2).
Population
The included studies contained a total of 431 participants in the relevant intervention and control groups.
Maximum group size was 28 participants and nine studies A2-A5,A8,A12,A14,A15,A18 included fewer than ten participants in either group. For studies which reported these measures, mean participant age was 60 (range: 45.5-66.4) and mean gender distribution was 68.8% male (range: 44.4-88.2). The mean time since stroke (across 15 studies) was 2.87 years with considerable variation: five studies A12,A13,A16,A19,A20 reporting mean times less than 2 months, five A4,A9,A15,A17,A18 reporting mean times between 1 and 3 years and six A1,A2,A5-A7,A14 reporting mean times over 3 years. Note one study A16 reported that all patients were treated within 60 days of stroke onset, hence mean time since stroke was less than 2 months, but it did not report a specific mean time. Of the 13 studies A2,A4-A8,A10,A12-A16,A20 which reported stroke site, 49.0% of participants (range: 9.1-75.0) had a left hemisphere stroke (all means are weighted by participant number in studies). There was also variation within and between studies in the severity of post-stroke impairment.
Interventions and comparators
Two hundred thirty-eight participants received FES. For studies which reported FES parameters frequency One hundred ninety-three participants received a control treatment. Both intervention and control groups received standard care, which varied between studies but typically included physiotherapy, occupational therapy, task-based activities or other exercisebased interventions. In addition, three studies utilised orthoses A1,A6,A16 , one utilised botulinum toxin A7 and one utilised mirror therapy A20 . Three control groups also received sham FES, where a stimulation device delivered either no current at all or a sub-threshold current A6,A7,A18 . Within all included studies control and intervention groups received equivalent total therapy durations, median session duration is 45 min, minimising the risk of performance bias. Included studies span a range of methodological quality. Nine studies were considered low risk of bias A5,A7,A9,A13,A14,A16-A19 . One study was considered high risk A8 . The remaining ten studies A1-A5,A10-A12,A15,A20
Risk of bias and quality assessment
were considered at an overall unclear risk of bias. Only the sham controlled studies A6,A7,A18 were considered to have adequate participant blinding.
Quality assessment using GRADE criteria found very low quality evidence in all analyses performed as a result of the heterogeneity, low participant numbers and lack of blinding in most studies.
Activities of daily living
At least one measure of ADL (e.g. dressing and grooming) was reported by nine studies A6-A8,A10-A13,A16,A19 . Seven studies provided data suitable for meta-analysis; of the other two, one provided insufficient data A8 and the other medians and interquartile ranges A10 . Meta-analysis of results obtained through objectively assessed measures of ADL A6,A7,A11-A13, A19 was carried out separately from those that relied on patient recall, which may be at risk of recall bias. No difference was found between FES and control groups for the objectively obtained measures (SMD 0.64; CI [−0.02, 1.30]; I 2 = 66%) (Fig. 2a) . Sensitivity analysis demonstrated that this effect was conserved when only sham-controlled studies were included in metaanalysis (Additional file 3: Figure S1 ).
An analysis of studies where FES was initiated in the acute phase A12,A13,A19 (mean time post-stroke less than 2 months) showed a significant benefit of FES (SMD 1.24; CI [0.46, 2.03]; I 2 = 43%) and moderate statistical heterogeneity (Fig. 2b) . In contrast, where FES was initiated more than 1 year (mean time) after stroke A6,A7,A11 , no significant improvements were seen (SMD −0.10; CI [−0.59, 0.38]; I 2 = 0%) (Fig. 2c) . Francisco et al. (1998) A8 , which could not be included in this meta-analysis for reasons outlined above, also initiated FES within 2 months and reported a statistically significant improvement in functional independence measure (FIM). Similarly, Mangold et al. (2009) A10 reported a significant improvement in extended Barthel index hand function subscore; patients were also treated on average within 2 months post-ictus.
Visual representation of all of the ADL data for meta-analysis is shown in Fig. 2d . No summary estimate is given due to inclusion of multiple ADL scales within several of the included studies. To combine these data in a meta-analysis, an arbitrary choice would have been made on which ADL scales to use from studies that use more than one measure of ADL. The figure indicates variable effect of FES although there seems to be a preponderance of data favouring a positive or no overall benefit.
Functional improvement
Measures of functional improvement which do not incorporate ADL, were reported by 17 studies A1-11,A14-A20 (of which 4 presented data graphically A2,A3,A5,A19 , 2 only reported narrative results A2,A17 and 2 reported medians and IQR A5,A10 ). Many tools were used in these studies to measure functional improvements. The findings are displayed in a forest plot for visual comparison ( Fig. 3c ) identifying no consistent trend across secondary outcomes. Some studies showed individual improvement A6,A9,A15,A19,A20 . Again, similarly to ADL analyses, secondary outcome data were not pooled because where studies utilised more than one scale in this category, an arbitrary choice would have to be made on which to include to avoid double counting of participants.
Separate analysis with pooled totals was performed for two of the tools: Fugl-Meyer Assessment (FMA) and Box and Block Test (BBT). Meta-analysis of seven studies reporting FMA A6,A7,A11,A14,A16,A19,A20
( Fig. 3a) Figure S2 ) A6 ,A7,A11,A14 . Sensitivity analysis undertaken demonstrated that meta-analysis of sham-controlled studies did not favour FES; it should be noted that these studies initiated therapy after 1 year from stroke (mean) (Additional file 5: Figure S3 ). (Fig. 3b) . FES was initiated on average more than 1 year after the stroke in these studies. The results of the studies that could not be included in this meta-analysis A2-A4 showed mixed results.
Other motor outcomes
These outcomes are assessed using tests that do not directly measure participant function but may contribute towards participant function in daily life, e.g. (Fig. 4a ). Many of these reported muscle-specific tone, hence a quantitative metaanalysis could not be performed. Seven of the nine studies that reported force generation provided sufficient information for analysis A1,A4,A6,A7,A15,A19,A20 . However, due to frequent reporting in muscle or movement-specific subscales, this could only be displayed as a visual representation (Fig. 4b) . There was no clear trend observed. There was insufficient data to analyse distance reached or range of active movement.
Discussion
The aim of this systematic review was to evaluate the effect of post-stroke upper limb FES on activities of daily living (ADL) and motor outcomes. The results bring new understanding of the effectiveness of FES on upper limb rehabilitation after stroke. When FES was initiated within 2 months (mean time) of stroke, there was a significant improvement in ADL compared to the control group. No benefit was found when FES was initiated over 1 year since stroke. Although there was substantial heterogeneity in the analysis of the 1 year post-stroke subgroup, these findings fit with studies which have found that the majority of motor recovery after stroke occurs in the initial few months [32] [33] [34] . However, one must also interpret these findings in light of the risk of bias of included studies. All studies in less than two month group lack adequate participant blinding, whilst two out of the three included studies in the one year group used sham treatment. Furthermore, the overall evidence quality, assessed using GRADE criteria, was very low as a result of the substantial heterogeneity, low participant numbers and lack of blinding in most studies.
Meta-analysis performed on objective ADL measures, which are considered more reliable than selfreported measures, found no significant benefit of FES. Patient recall-based ADL measures may not reliably correlate with objective measures of patient activity and clinical improvement [35] [36] [37] [38] . Human perception is influenced by many factors and cognitive biases [38] , recall bias is one such factor that has been shown to result in large errors in patient reported outcomes [36] .
Meta-analysis of FMA, the most commonly reported measurement instrument, showed a statistically significant benefit of FES corresponding to a moderate effect size. Additional analysis of FMA found a significant benefit for FES applied within 2 months of stroke but not for FES applied 1 year or more after stroke. Most included studies in these analyses were not adequately blinded and overall evidence quality was very low.
Meta-analysis of BBT results found no benefit from FES, but this could have been masked by the low group numbers: only 30 patients in total for the intervention groups and 24 in control groups. Indeed all studies included in this review had small group sizes, thus it is likely that these studies would lack the power necessary to demonstrate a small increase in upper limb motor function. Even a small improvement in function may be clinically significant, since upper limb function is so important for daily activities [39] . An alternative explanation is that all studies which reported BBT applied FES 1 year or more after stroke, so the lack of improvement in BBT with FES could also reflect the fact that FES was not applied during the optimum therapeutic window. However, caution is needed when drawing conclusions about the optimum time window for FES post-stroke given the very low quality of evidence in the above analyses.
It is possible that FES is beneficial only when applied using certain stimulation parameters or when applied to a specific patient population. Indeed, variation in FES parameters including current, frequency, duration of stimulation and also in baseline function of participants both between and within studies were noted. It appears that there are no agreed stimulation parameters, and it is likely that none of the included studies employed exactly the same stimulation protocol. Potential benefits could thus be hidden among the inter-study variability between studies in this systematic review. This variability in FES parameters could influence results in this review and may be a contributing factor to the heterogeneity in the analyses.
To our knowledge, four systematic reviews have previously attempted to evaluate the effectiveness of FES for upper limb rehabilitation after stroke [24] [25] [26] [27] .
Van Peppen et al. [25] found no improvement with FES in tertiary outcomes, specifically strength or dexterity. Bolton et al. [26] carried out a metaanalysis on five electromyography (EMG)-triggered neuromuscular stimulation studies and found an improvement across secondary outcomes as defined by the present systematic review. Meta-analysis by Meilink et al. [24] found no significant improvement in BBT. However, whilst the current review found a significant improvement in FMA, Meilink et al. did not. This discrepancy could be explained by the small meta-analysis group size of three studies in Meilink et al. compared to the eight studies here. Howlett et al. [24] conducted the most recent relevant systematic review. Whilst they found a significant improvement with upper limb FES compared to control, this finding was based on a single metaanalysis which combined primary and secondary outcomes as defined above. These outcomes are arguably not comparable. Moreover, such an approach prevents primary, secondary and tertiary outcomes from being independently assessed. To date, no systematic review has assessed the therapeutic window of upper limb FES application post-stroke.
Strengths and limitations
This systematic review is the most comprehensive and provides a much needed evaluation of upper limb-specific FES after stroke, which was missing from the literature. Analyses were performed, in accordance with the a priori protocol, enabling important conclusions about the use of FES in clinical practice to be drawn.
99% of the articles identified by our search strategy were assessed. However, it was not possible to translate four studies that were not in the English language and two articles could not be found after extensive attempts to locate them (see Appendix 2) .
Meta-analyses gave rise to certain limitations. Firstly, included studies utilised many different measurement instruments and only a minority were employed by more than a few studies. Secondly, many studies used multiple measurement instruments for each outcome, e.g. several scales which measure ADL in a single study. As such, it was not appropriate to combine data in single meta-analyses. Thirdly, one study contained multiple relevant intervention groups but only a single control group for comparison A4 ; the intervention group most similar to the other included studies was selected.
The small number and distribution of studies limited potential for formal between group comparisons in form of subgroup analyses. In addition, analyses on severity of stroke and stimulation parameters, which we had intended in our protocol, were not possible due to methodological variability.
All included studies, with the exception of one A8 which could not be included in quantitative analysis, were considered at low or unclear risk of bias. Inadequate participant blinding was an issue in most studies.
Recommendations for clinical practice and research
This systematic review found insufficient evidence of clinical benefit to support routine use of FES in clinical practice; however, this may reflect a lack of high quality trials in the field which strongly supports the need for FES use in clinical trials. This systematic review highlights the need for large RCTs in order to ensure homogeneity among groups and to have sufficient power to identify small functional improvements. Randomised triple-blinded controlled trials, where comparator groups receive sham treatment (subthreshold stimulation), are recommended as the optimal study design. An RCT that includes two intervention groups with FES applied at two different time points after stroke (e.g. 2 months and 1 year) could help clarify the optimal therapeutic window for FES. Future research should also attempt to identify the optimal FES parameters in order to standardise FES treatment for future studies.
It is advisable that prospective RCTs in this field use an agreed core outcome set unless there is a clear justification to use alternative measures [40] because the use of different but comparable measurement instruments limits the suitability of data for meta-analysis. Millar et al. are currently working on a core outcome set for upper limb rehabilitation after stroke to aid evidence-based clinical practice [41] .
Conclusions
FES is a promising therapy which could play a part in future stroke rehabilitation strategies. This review found a statistically significant benefit from FES applied within 2 months of stroke on our primary outcome of ADL. However, due to the very low (GRADE) quality evidence of these analyses, firm conclusions about the effectiveness of FES or its optimum therapeutic window cannot be drawn. Hence, there is a need for high quality large-scale randomised controlled trials of upper limb FES after stroke.
Appendix 1
Search Strategy
The following is the search strategy used to search databases on Ovid. The search terminology was adapted to meet Cochrane search requirements but remained otherwise unchanged. The same search strategy was used to identify both primary studies and systematic reviews, but the databases searched differed as outlined in the Methods section. Table 1 (Continued) Table 2 Title Trial registration number
Author
Repetitive arm training combined with functional electrical stimulation on upper extremity motor recovery in sub-acute stroke survivors NCT02267798 Straudi, S.
Treatment of hand dysfunction after stroke NCT00508521 Daly, J.
Post stroke hand functions: bilateral movements and electrical stimulation treatments NCT00369668 Cauraugh, JH.
Brain and coordination changes induced by robotics and fes treatment following stroke NCT00237744 Daly, J.
MyndMove therapy for severe hemiparesis of the upper limb following stroke NCT02266836 Hebert, DA; Bayley, M. 
